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Abstract 
A clean surface is required for X-ray photoelectron spectroscopy (XPS) to 
produce the actual surface composition and chemical state information. In general, 
in situ ion sputtering is used to clean the surface, which employs ion impinging for 
removing surface contamination. The use of ion sputtering further allows 
determination of the compositions as a function of depth. When the surface is 
sputtered, the high-energy ions create a damaged layer altering the chemical states 
and compositions with depth comparable to the XPS analysis depth. In this study, 
Ar+ beam with very low energy was used to minimize the sputtering-induced defects. 
At the same time, perpendicular detection was applied, which decreased the relative 
signals from the outermost damaged surface. 
In this study, SiC^/Si wafer was used to estimate the depth of the damaged layer 
at different ion energies. It was found that at energy of lOOeV, XPS can give an 
accurate surface composition and chemical state information. The analysis method 
was applied to analyze materials of ceramic, polymer, metal alloy and semiconductor. 
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Background of study 
1.1 Introduction 
The surface behavior of materials is closely related to our lives, for examples, 
the solid state electronic device, the non-stick cooking utensil and the surface 
coatings for the drugs. The surface properties will determine the intended function 
of the materials. Therefore, surface analysis techniques are essential in order to 
understand the surface properties for further technological development of the 
products. Among the various surface analysis techniques, X-ray photoelectron 
spectroscopy (XPS) is a prevalent surface characterization technique, because it can 
provide both the quantitative surface compositions and surface chemical states, and it 
is applicable to analyze a wide variety of samples. 
During XPS analysis, a clean surface is required to reflect the actual surface 
composition. In general, in situ sputter cleaning is used, which employs ion 
impinging for removing surface contamination. In addition, ion sputtering has the 
capability to analyze the elemental compositions of materials as a function of depth. 
However, ion sputtering is a destructive technique, which causes the defect formation, 
surface roughening and surface composition changes [1-7:. 
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In the present study, XPS with a low energy argon ion beam [8] was applied to 
minimize the defects on the top surface. Furthermore, by using a detection angle 
perpendicular to the sample surface, we could increase the detection depth in XPS, 
which gives signals less sensitive to the damaged layer on the top surface [9]. The 
technique allowed us to improve the accuracy in measuring the surface chemical 
states and compositions. 
1.2 Theoretical background of XPS [10] 
1.2.1 Principle of XPS 
X-ray Photoelectron Spectroscopy (XPS) is a surface characterization technique, 
which can be applied to both conductors and insulators, as long as the samples are 
compatible with vacuum. Generally, XPS analysis will provide qualitative, 
quantitative and chemical state information on all elements except H and He. 
Currently, XPS is considered as one of the most powerful analytical tools for surface 
analysis. 
When x-ray irradiated a material surface, interaction between photons and 
atoms results in the ejection of photoelectrons. Figure 1.1 is a schematic diagram of 
the electron emission process in XPS. The kinetic energy distribution of the ejected 
photoelectrons is analyzed by a photoelectron spectrometer. The energy of the 
2 
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Figure 1.1 The representation of photoelectron removal process 
involved in XPS. 
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incident photons (x-ray) minus the kinetic energy of the ejected photoelectrons, gives 
the binding energy of the photoelectron in their parent atoms. 
The binding energy for each core electronic level of an atom falls into a unique 
energy range. The difference in chemical environment results in a small change in 
the binding energy. Therefore, XPS can give both elemental composition and 
chemical information. 
The fundamental principle underlying XPS of this photoelectric effect was 
proposed by Einstein [11:. 
K.E. = hv-B.E.p -(!)Sample 
where K.E. is the kinetic energy of the photoelectons, hv is the photon energy, B.E.p 
is the binding energy with reference to the surface Fermi level, and 么厂优 is the 
spectrometer work function. The energy reference diagram for a semiconductor is 
shown in Figure 1.2. The Fermi level of the semiconductor is aligned with Fermi 
level of the spectrometer when a semiconductor is grounded to the spectrometer 
[12,13]. The term 么声 can be eliminated by referencing the binding energy to a 
sputter-cleaned Au standard when it is ground to the spectrometer. In this study, 
the reference peak of Au Af^a (B.E.=83.93eV) was used to eliminate the factor •坤亿。 
by measuring the peak position before and after each set of experiment. 
4 
K.E. = hv _ B.E. _ (j)sample = • _ 也細 
+ (()sample - ()spec) 
hv 二 hv - B.E. - (t)spec 
\ A 
C B M I / 小 sample , 雷 
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energy levels 
Figure 1.2 The photoelectron process of 2p3/2 core level electrons 
and the energy level alignment between the sample and 
the spectrometer. 
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1.2.2 Surface sensitivity 
For the x-ray photon with 1 KeV, the x-ray will penetrate lOOOOA or more into 
the matter while the ejected photoelectrons of the same energy will only go through 
approximately lOOA without energy loss [14]. Therefore, x-ray photoelectron 
spectroscopy is a surface sensitive technique, which gives the information from 
approximate 100人 of the top surface. The surface sensitivity of XPS is determined 
by the inelastic mean free path (IMFP) of the emitted photoelectrons. 
1.2.3 Inelastic Mean Free Path (IMFP) [14] 
Inelastic mean free path (IMFP) is defined as the mean distance of the electrons 
that travel freely in the material without energy loss. In the mathematical 
calculation, X represents the IMFP of the photoelectron. More than 95% of the 
photoelectrons can escape from the sample surface within 3X. For the 
photoelectrons suffer from energy loss by collision while they still have sufficient 
energy to escape from the surface, they will contribute to the background in the XPS 
spectrum. IMFPs for photoelectrons can be estimated using the TPP-2 method [15" 
as shown below: 
= E /{Ep^[pin(yE)-(C/E)+(D/E^)]} 
p = -0.0216+0.944/(Ep2+Eg2)"2+7.39xl(r4p 
6 
丫 = 0.191p-o_50 
C = 1.97-0.91U 
D = 53.4-20.8U 
U 二 Nvp/M 
where X is the IMFP (A), E is the kinetic energy of the photoelectron (eV), Ep is the 
free-electron plasmon energy (eV), p is the density ( g cm"^), Ny is the number of 
valence electrons per atom or molecule, M is the atomic or molecular weight and Eg 
is the band-gap (eV). In this study, Si wafers with ultrathin SiO: were used. The 
IMFPs for elemental Si (义没）and SiO:(儿如� )were calculated as 31.7A and 36.1 k, 
respectively. 
1.3 XPS spectral features 
Apart from the elemental identification, additional information also can be 
revealed from the XPS spectrum. These include spin-orbit splitting, chemical shifts, 
Auger chemicals shifts in XPS, x-ray lines satellites, "shake-up" lines, ghost lines 
and plasmon loss lines. In this section, we will discuss some of the above features 
that frequently occurred in this study. 
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1.3.1 Chemical shift 
Chemical shift is due to the fact that atoms are located in different chemical 
environments, different oxidation states, or in different lattice sites, all of which 
result in different electronic densities surrounding the atoms. Therefore, by 
measuring chemical shifts, we can determine the chemical information. An 
example is shown in Figure 1.3. For the analysis of a SiCVSi sample after 2keV Ar 
sputtering, the Si 2p spectrum shows five components with different chemical states. 
1.3.2 Spin orbital splitting (SOS) 
The spin angular momentum (S) and the orbital angular momentum, (L) 
combined together to produce the new state called electronic angular momentum, J 
J - I L±S 
1 3 5 
where L = 0, 1,2,3,……；S = - , 
The electron spin and orbital motion may oppose or reinforce each other, so that 
the energies of these new states are different. The degeneracies of these states are 
2J+1, and the relative intensities of these split peaks are calculated by these 
degeneracies. For example, the silicon 2p orbital (L=l) 
8 
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Figure 1.3 XPS spectra of SiOz/Si wafer during 2�0keV argon ion 
sputtering. (Five components with different chemical 
states can be deconvoluted). 
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J=ll士丄1=丄，互 
2 2 2 
The relative peak intensities are calculated as 
1 3 
(2x —+1) ： (2x —+1), which equates to 1:2. 
The value of spin orbital splitting and the relative peak intensities can give a 
further confirmation of the particular element. For Si 2p photoelectron, the 
difference in binding energy of the two split peaks or spin orbital splitting is 0.6 leV 
16]. A high resolution XPS spectrum of the Si 2p peak is shown in Figure 1.4. 
1.4 Quantitative analysis in XPS 
1.4.1 Atomic concentration 
The photoelectron intensity of a specific core level of an element (A) in a 




where P is the X-ray photo intensity, D is the geometrical factor of electrons ejecting 
in the direction of the detector, Ca is the atomic concentration of element A in the 
material, Ta is the spectrometer transmission function for the kinetic energy of the 
photoelectrons from the specific core level of element A, a a is the atomic 
photoemission cross section, Xa,m is the inelastic mean free path (IMFP) of the 
photoelectrons from a specific core level A passing through the matrix, 9 is the polar 
10 
angle which is defined as the angle between the sample normal and the axis of the 
detector and z is the depth perpendicular to the sample surface. 
The intensity ratio of two elements (A,B) in the analysis matrix (M) is given 
by 
IA ^ ^A^A^A^AM 
Ib ^ B'^B^ B^bm 
where T, a and X are constants. 
Generally, the atomic concentration of a particular element is regarded as 
atomic percentage. The atomic percentage of element A in the material is given by 
Ia_ 
e 
Atomic % of element A 二 ~ ~ ^ x 100 % 
？ t 
where Sa is the sensitivity factor of element A. In principle, sensitivity factors 
relate to the Ta, a a, and Xam- In practice, sensitivity factors were determined by 
empirical methods [17:. 
1.4.2 Layer thickness determination 
If a uniform overlayer presents on a sample surface, the photoelectron intensity 
of a specific core level of element i from the overlayer is given by 
d ！  
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Figure 1.4 High resolution XPS spectrum with the Si2p peak 
splitting. 
12 
where d is the thickness of the overlayer, Cj is the atomic concentration of the 
element i in the overlayer, Tj is the spectrometer transmission for the kinetic energy 
of the photoelectrons from the specific core level of element i, Qj is the atomic 
photoemission cross section of element i, and 入丨，overlayer is the IMFP of the 
photoelectrons passing through the overlayer [10]. The intensity from a specific core 
level of element j from the underlying substrate is given by 
a. ‘ “ 
I j, substrate 二 \ P D C ^ T ^ a ^ e 入 “ - 雌 ⑶ 〜 义 观 没 论 
0 
where cj is the atomic concentration of element j in the substrate,人j, substrate is the 
IMFP of photoelectrons from a specific core level of element j passing through the 
substrate and overlayer is that from a specific core level of element j passing through 
the overlayer. The above two equations can be solved as 
d 
J C T rr A 1 _ ^ ^i.overlayer COS 0 
i,overlayer ^ j -‘- i i,overlayer 丄—匕 — 
r ^ T rr 2 d 
JMbstrale .7 J j j,substrate 已 _A,’而./„广,.cos 0 
Thus, the thickness of the overlayer (d ) can be determined by this equation. 
In the present study (Chapter 3), a damaged layer was formed on the overlayer 
(SiOi). Therefore, the above equation is not suitable for the calculation of the exact 
thickness of overlayer. Other modified equations were applied to estimate the 
actual thickness of damaged layer and overlayer. The structural assumption is 




二 CsiOi ^sio, \ )_ ⑴ 
J ~ r 2 
丄 sub I Si 
f 
I r 2 1 ^ A?/02 J — Si02 "^siOj 1 - e 
^ sub ^Si 一~^ 
I ^ ‘ J 
where Id2 is the peak intensity of damaged (sub-oxides) layer, Id, is the peak intensity 
of undamaged (overlayer, SiOi) layer and Igub is the peak intensity of the substrate 
(silicon). The values of di and di can be calculated from the above equations. 
1.5 The new XPS analysis technique in the present study 
In order to improve the accuracy in measuring the surface chemical state and 
composition, a low energy argon ion beam and perpendicular detection are applied in 
present study. In the following sections, the present XPS analysis strategies will be 
introduced. 
1.5.1 Ion sputtering 
Sputtering can be used for the depth profile analysis. During sputtering, the 
sample is bombarded with accelerated ions, surface atoms suffer a fraction of the 
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Figure 1.5 Layers assumption for the thickness calculation. 
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the depth resolution. According to many previous studies, they show that using low 
energy ion sputtering can significantly improve the depth resolution [18,19]. In my 
study, the lowest applicable argon ion sputtering energy (lOOeV) was used in this 
study. 
1.5.1.1 Sputtering-induced defects [20-29 
Generally, the sputtering-induced defects include sample characteristics and 
radiation induced effects. In the present study, we attempted to improve the 
radiation effects. Radiation effects include atomic mixing, sputtering-induced 
roughness, preferential sputtering and distortion of original bonding. These can be 
improved by using lower sputtering energy. As for the sputtering-induced 
roughness, it is due to the shadowing formed on the sample surface after unilateral 
ion sputtering. Zalar rotation can reduce the sputtering-induced roughness and it 
will be discussed in Chapter 4. For the preferential sputtering, it is due to the 
different sputtering rates of various atoms with different atomic weights, bond 
energies and spatial environments. For example, sputtering rate of the atom with 
smaller atomic weight is faster than the heavy atom. Therefore, the heavy atom is 
preferable to retain on the sample surface, which results in a change in the measured 
atomic concentration. 
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1.5.1.2 Effect of ion incident angle 
The direction of argon ion gun and detector is fixed in the XPS used in my study, 
the change of polar angle is achieved by tilting the sample stage also varies the 
incident angle of argon ion gun. Therefore, the incident angle of argon ion gun was 
changed to 30° (original incident angle is 45°). Figure 1.6 shows the peak shapes of 
Si 2p of a pure silicon with two different ion incident angles. The shape of doublets 
in Si 2p peak with ion incident angle 30° is clearly than 45°. This phenomenon 
indicates that more damaged was observed on the Si surface after sputtering with ion 
incident angle at 45� . The depth of sputtering-induced defects can be decreased by 
using small ion incident angle [30,31:. 
1.5.1.3 Depth resolution 
Definition of the depth resolution (Az) for analyzing a well defined layer on a 
substrate was given by lUPAC and ASTM E-42. It is illustrated in Fig. 1.7. Depth 
resolution corresponds to the difference of the depth coordinate z between 84 and 
16% of the peak intensity in the measured profile [8, 32-33]. The depth resolution 
can also be estimated by other algorithms [34-38]. 
Ideally, for a two-layer structure without sputtering-induced defects, a sharp 
interface should be observed in the XPS depth profile, which should have Az 
17 
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Figure 1.6 Overlaid XPS spectra of pure Si after 15minutes 500eV 
argon ion sputtering with different incident angles. 
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approaching zero. Because of the sputtering-induced defects on the sample surface, 
sputtering-induced defects limit the depth resolution. 
1.5.2 Perpendicular detection 
According to the exponential decay function: 
, f \ 
rd — X 
1(d) 二 K exp ax 
where 6 is the polar angle, which is the angle between the surface normal and the 
direction to the detector. The equation shows the signal intensity as the function of 
6. Therefore, photoelectrons emitted from different depths can be detected by 
changing the polar angle. A number of algorithms have been published that allow 
the construction of depth profiles using measurement results at different polar angles 
[39-44]. The method is called the angle resolved XPS. 
As indicated in the above equation, perpendicular detection can be used for the 
signal acquisition from deeper depth. The instrumental geometry in this study is 
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Figure 1.8 Relationship between the direction of detector and detection depth. 
(A) Instrumental geometry of this study (perpendicular detection). 
(B) Another geometry with 0> O�. 
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Figure 1.9 Comparison of Si 2p peak intensity with different polar angles. 
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angles is shown in Figure 1.9. According to the XPS spectra, the peak intensity of 
Si 2p is the highest when the polar was zero degree. Relatively more signals were 
detected from deeper region. In other words, with perpendicular detection, we can 
receive relatively less signals from the top damaged layer and more signals from the 
undamaged layer in the deeper region. 
1.6 Objectives of present study 
In order to improve the accuracy of the XPS analysis, low energy argon ion 
sputtering and perpendicular detection were applied in this study. Low energy 
argon ion sputtering was used to reduce the sputtering-induced defects. As for the 
perpendicular detection, this detecting geometry can increase the detected signals 
from the undamaged region. 
In Chapter 3, SiOi/Si was chosen to investigate the relationship between the ion 
sputtering energy and the range of damaged depth. It was found that at an energy of 
lOOeV, XPS can give an accurate surface composition and chemical state information. 
Further verification of this analysis technique was performed by using other 
materials, such as ceramic, polymer, metal alloys and semiconductors, which will be 
discussed in Chapter 4. 
23 
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The use of the low energy argon ion beam and perpendicular detection allowed 
us to improve the accuracy of XPS analysis. In my study, an advanced XPS was used. 
The instrument has some superior features that allowed my research to be performed. 
A detail discussion of this XPS instrument will be provided in this chapter. 
In addition, comparison between the results of the new XPS analysis method and 
other analysis techniques such as Rutherford backscattering spectrometer (RBS), X-
ray fluorescence spectrometer (XRF), differential scanning calorimeter (DSC) and 
energy dispersive X-ray detector in scanning electron microscope (SEM-EDX) were 
performed in order to ensure the creditability of this study. 
2.2 X-ray Photoelectron Spectroscopy (XPS) 
2.2.1 XPS used in the present study [1] 
In my study, PHI Quantum 2000 Scanning ESC A Microprobe was used. It 
provides a rapid, spatial-resolved chemical analysis of solid surface. The Quantum 
2000 consists of an x-ray source, a sample introduction system, a charge neutralizer, 
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a sputtering argon ion gun, an electron analyzer, an electron detector/ multiplier, and 
an ultra-high vacuum (UHV) system. 
2.2.2 Vacuum requirements 
XPS provides the surface information from approximate 100人 of the top surface. 
A background pressure in order of 10'^torr would cause the accumulation of a 
monolayer of contaminant in about one second in room temperature [2]. Therefore, 
an ultra high vacuum (UHV) is required during the XPS analysis to prevent further 
surface contamination in the analysis chamber. The vacuum pressure for the analysis 
chamber was usually maintained in 10'^torr or better for each measurement.. With 
Ar sputter, the chamber pressure increased to the order of 10" torr. 
2.2.3 X-ray source 
An ideal x-ray source should be sufficiently energetic to excite core level 
electrons, be intense enough to produce a detectable electron flux, have a narrow line 
width and be simple to use and maintain. The energies and the line widths of 
common x-rays used in XPS are shown in Table 2.1. In Quantum 2000, A1 Ka 
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Line Energy, eV Width, eV  
YMC 132.3 ^ 
ZrMC 151.4 0.77 
NbMC 171.4 1.21 
MoMC 192.3 1.53 
Ti La 395.3 3.0 
CrLa 572.8 3.0 
m i a 851.5 2.5 
Cu La 929.7 3.8 
MgKa 1253.6 0.7 
A\Ka 1486.6 0.85 
SiKa 1739.5 1.0 
Y La 1922.6 1.5 
Zr La 2042.4 1.7 
Ti Ka 4510.0 2.0 
Cr Ka 5417.0 2.1 
Cu Ka 8048.0 ^  
Table 2.1 Energies and line widths of common soft x-rays [ 2 . 
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/2v=1486.6eV) x-ray was used, which can cause photoelectron emissions for all the 
elements except H and has a narrow line width. When A1 surface is excited by high 
energy electrons, in addition to the emission of A1 Ka , the surface also emits other 
x-ray satellites and gives the Bremsstralung background. Impurities in the A1 can 
further give ghost peaks. Therefore, a monochromatic x-ray source is generally used 
in high-end XPS systems. According to the Bragg relation [3]: 
nX - 2d sin 沒 
where n = diffraction order =1 
A. = X- ray wavelength = 8.34A for A1 Ka 
d = crystal spacing = 4.25 人 for quartz 
0 = Bragg angle ( diffraction angle ) = 78.5� 
In Quantum 2000, a special x-rays source is used [1]. The schematic diagram is 
shown in Figure 2.1. An electron gun produces a beam of high energy electrons to 
hit an A1 anode. The emitted x-rays from the A1 anode are diffracted by a set of 
quartz crystals. The A1 Ka x-ray is then selected and focused onto the sample. 
Intensity of x-ray is controlled by the magnitude of current hitting the targets. 
Shorter acquisition time can be achieved by using higher x-ray intensity. The x-ray 
spot size can be controlled by the electron beam size. 
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Figure 2.1 Schematic diagram of x-ray source [8:. 
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2.2.4 Charge Neutralizer 
During XPS analysis, photoelectron is emitted from the x-ray irradiated sample 
surface. Positive charge will be accumulated if electrons cannot be efficiently 
supplied from the ground. This gives rise to the so-called charging effect which will 
shift the XPS peak positions. 
Charge on the sample surface can be eliminated by the charge neutralizer. For 
the analysis of the insulating sample, during measurement, the x-ray induced 
photoelectrons leave the surface, which results in positive charges accumulates on 
the surface. With the application of flooding electrons, the positive charges can be 
neutralized. However, for traditional electron neutralizer, the electron flood gun 
applies electrons to a large area of the surface. With a small XPS analysis spot, the 
positive charge region is surrounded by a large area of negatively charged region due 
to the flood gun. In this case, part of the x-ray spot is neutralized by electrons but 
part is only partially neutralized. The difference in the charge on the surface then 
gives a broadening of the measured peaks. 
To solve the above problem, a low energy electron flood gun together with a 
low energy argon gun was employed in the Quantum 2000 system [4]. The 
schematic diagram for the compensation of the charges accumulated on the sample 
surface is shown in Figure 2.2. The argon ion energy was kept below 50eV so that 
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the surface will not be damaged. This combination gives the same surface potential 
for various types of materials. The low argon energy ions reduce the negative 
surface charge surrounding the analysis area. Therefore, the difference in surface 
position inside the x-ray spot can be minimized. The peak broadening is also 
reduced. 
2.2.5 Ion sputtering gun 
In order to minimize damaged in sputter cleaning and depth profiling, a low 
sputtering energy was used in the present study. An advanced low energy argon ion 
gun in the Quantum 2000 provides a low energy ion beam ( down to 1 OOeV) with a 
high current density. In general, with a reduction in the ion energy below IkeV, the 
current density also reduced [5,6]. However, since the argon gun was designed to 
provide low energy argon for surface neutralization, the ion gun in Quantum 2000 is 
capable of delivering argon ions at lOOeV with a high current density of 16nA/mm . 
Apart from having an improved focusing lens, the flexibility of sputtering is given by 
the raster area. The raster sputtering ions with x/y beam deflection can improve the 
uniformity of the ion beam intensity. At constant beam current, the raster area is 
inversely proportional to the primary ion density, so that the sputtering rate can be 
controlled by change of the raster area. For the investigation of the 
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Figure 2.2 The schematic diagram of the compensation of the charges accumulated 
on the sample surface [8:. 
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damaged distribution with 2.0keV ion sputtering, the sputtering rate of this energy is 
too fast to sputter on the ultra-thin SiO� layer. Therefore, the larger raster area was 
used to reduce the sputtering rate. As a result, more analysis cycles can be done in 
the depth profiles. 
2.2.6 Electron energy analyzer 
The electron energy analyzer in the Quantum 2000 is referred as a spherical 
capacitor energy analyzer [1]. The schematic diagram of the analyzer is shown in 
Figure 2.3. The scanning range of the analyzer in Quantum 2000 is 0 to 3200eV. 
It is enough to scan the kinetic energy of the emitted photoelectrons from all 
elements with A1 Ka. For compensating the change in x-ray wavelength due the 
positioning of the x-ray spot on the sample surface, the energy adjustment lens inside 
the analyzer can retard the potential to change back the measured binding energies. 
For quantification or obtaining chemical state information, it is necessary to 
understand energy resolution, which is mainly controlled by the parameter "Pass 
Energy". 
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Figure 2.3 The schematic diagram of spherical capacitor energy analyzer in 
Quantum 2000 [8]. 
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2.2.6.1 Energy resolution 
Energy resolution is mainly defined by absolute and relative resolution. 
Absolute resolution, AE, it is equal to the full width at half-maximum (FWHM) 
height of the measured peak or half width of the base of the peak, AEb. 
AE=AEb/2 
For the relative resolution, R, it can be presented by the following equation: 
R=AE/Eo (Eo is the K.E. of the peak) 
R is often expressed as a percentage, (AE/EQ) X 100% 
If the input kinetic energy is the same, the absolute resolution is independent of 
the peak position. This is achieved using retardation potential. 
2.2.6.2 Pass energy 
In order to make the complete spectrum to have a constant resolution, the 
kinetic energy of emitted photoelectrons are retarded to a constant energy before 
enter the analyzer. The retarded energy is called ‘pass energy'. For example, in 
order to achieve the 0.5eV absolute resolution for the peak with 1500eV kinetic 
energy, the relative resolution of 3 x lO'"^  is required. It is impossible to accomplish 
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without an excessively large analyzer. With 20eV pass energy, the relative 
resolution is only 2.0 x 10" ,^ and therefore 0.5eV absolute resolution can be easily 
achieved. 
Pass energy, x-ray spot size and step size used in the present study result in the 
absolute resolution of 0.70eV. The XPS spectrum of the Au 4fj/2 peak is shown in 
Figure 2.4. In addition, the absolute resolution, peak position and signal intensity 
were determined by the peak of Au 4f 7/2 with different x-ray spot sizes, pass energies 
and step sizes. Their relations are shown in Table 2.2. In most of the measurements 
in the present study, a pass energy ofl 1.75eV, a spot size of 100[_im and a step size of 
0.025eV were used. For the neutralizer optimization, it was found that as long as 
the ion gun was turned on at low energy, the XPS peak widths of insulator surfaces 
can be kept constant in a large range of electron intensities and energies. 
2.2.7 Electron detector / Multiplier 
Quantum 2000 is equipped with a 16-channel detector for parallel detection of 
spectral information. Therefore, the time required to collect a spectrum is greatly 
reduced. Inside the multi-channel detector, it consists of an array of electron detector 
arranged in a two-dimensional pattern on a single semiconductor chip. 
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Figure 2.4 XPS spectrum shows the calibrated of Au 4f peak with the 













































































































































































































































































































































































































































2.3 Other analysis techniques for verification 
The new XPS technique was applied to various samples. For verification of the 
new XPS technique, analyses were performed using SEM-EDX, XRF, RBS and DSC. 
For all these techniques, the sampling depths are larger than XPS and we assumed 
that these techniques give a "bulk composition". This allows us to compare the 
results after using low energy ion sputtering to remove the surface effects. 
2.3.1 Energy Dispersive X-ray detector in Scanning Electron Microscope (SEM-
EDX) 
The energy dispersive x-ray detector equipped in a LEO 1435 VP Scanning 
Electron Microscope was used in this study. The characteristic emitted x-ray from 
the sample surface can be analyzed by the x-ray detector. The concentration of the 
sample surface can be determined from the relative peak intensities. The 
quantification was performed using a standardless-method. However, the application 
of SEM-EDX analysis is limited to conducting samples. For the insulating sample 
analysis, the surface should be coated with a layer of conducting metal, such as gold. 
2.3.2 X-ray Fluorescence Spectrometer (XRF) 
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The XRF spectrometer used in the present study was a Jordon Valley EX-6600 
advanced WAG^^ Energy Dispersive X-ray Fluorescence Spectrometer. This 
equipment can be used for the determination of trace constituents in a vast range of 
samples like alloys, plastics and air filters. It has a large flexibility of measuring 
samples of different forms, including solid, powder, liquid and thin film. However, 
XRF only can reflect the elemental result. It cannot distinguish the atoms in different 
chemical states. It is also not sensitive to light elements. 
2.3.3 Rutherford Backscattering Spectrometer (RBS) [7] 
The basic principle of Rutherford backscattering spectrometer is based on the 
collisions between atomic nuclei of incident ions and analysis target. The three main 
components of RBS include the source of helium ions, an accelerator (used to 
convert the helium ions to high energy alpha particles) and detector. 
Inside the RBS, the ion source together with the accelerator can generate up to 
3MeV of He2+. These incident particles will be scattered back when they collide 
with the sample materials. The energy of the backscattered particles depends on the 
atomic mass and also the depth of the atoms which collide with the incident particles. 
The surface sensitivity of the RBS technique in the quantitative analysis is in the first 
0.5 to 2.0 micrometers from the top of sample surface. The RBS technique is non-
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destructive because the radiation degradation of the sample material by the particle 
impact is negligible. Similar to the SEM-EDX, the surface conductivity for the 
insulating sample analysis is required . 
2.3.4 Differential Scanning Calorimeter (DSC) 
A Perkin Elmer Pyris DSC instrument was used in this study. During the DSC 
analysis, the sample was contained in a small aluminum pan. The heat flow was 
compared with an empty reference pan. When a sudden change in the heat capacity, 
e.g. heat of fusion, crystallization and decomposition, a signal peak appears. DSC 
analysis is usually applied to polymer and alloy materials compositional 
investigation. 
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Determination of the thickness of the damaged layer 
3.1 Introduction 
Sputtering-induced defects occur during ion sputtering. This defects include 
ion-mixing and distortion of original bonding [1-5]. This causes inaccuracy in 
using XPS for the determination of surface compositions and chemical state 
information. As mentioned in the previous chapters, we proposed a new XPS 
analysis technique that employs low energy argon sputtering and perpendicular 
detection for improving the XPS accuracy. In this chapter, we will focus on the 
effect of ion energy on the thickness of the damaged layer. We used a Si wafer 
coated with an ultrathin SiOi layer for this study. 
3.2 Experimentation 
3.2.1 Instrumentation 
Quantum 2000 was used in the present study. Compositional analysis of 
SiOi/Si was performed in the depth profiles. Many experimental settings were 
involved during the XPS analysis. The experimental settings are shown in Table 
3.1. 
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XPS settings during analysis 
Performances / Parts Description  
Energy Resolution Au 4f was used to calibrate, energy resolution: 
0.70eV  
X-ray spot size lOOjim  
Specimen position  
Polar angle 0 � 
Analyzer and Optics  
Spherical Capacitor Energy Scan range: 0-3200eV 
Analyzer Resolution: 25meV minimum step size was chosen. 
Multichannel detector The multiplier voltage is 500 to 2400V. 
Pass energy 11.75eV 
Neutralizer  
High Flux Neutralizer Low energy electron flood gun 
Electron Voltage 0 to IQeV  
Neutralizer gun Source: Argon, Type: Electron impact 
Beam Voltage 5eV to IQeV  
Ion Sputter Gun  
Beam Voltage 0.1,0.5, l .Qand2.0keV  
Beam Raster Size used For 0.1, 0.5 and l.OkeV, Ixlmm^ 
For 2.0keV，2x2mm^ 
Gas Argon  
Chamber Information Working Pressure (Torr) Pumping Unit 
Introduction Chamber � 8 x 10'^ Turbo Pump 
Analysis Chamber 2.0x10'^or higher vacuum Ion Pump 
Table 3.1 The XPS settings in this study. 
47 
Charges on the sample surface were eliminated by the charge neutralizer. This 
system utilized a low energy electron gun together with the low energy argon ion gun, 
which is the same argon ion gun for sputtering but the argon ion energy was kept 
below 50eV. This combination gives the same surface potential for various types of 
materials. The effect of the low energy argon ions during neutralizing was studied 
by putting an ultrathin SiOi/Si under the irradiation of electrons and argon ion from 
the charge neutralizer for 12 hours. We did not observe any difference in the Si 2p 
peak features before and after the irradiation. 
To ensure that all the instrument conditions were consistent and suitable for this 
study, the Quantum 2000 XPS system was calibrated before each analysis. 
3.2.1.1 Work function calibration 
A small shift of 0.01-0.1 eV on the spectrometer work function is possible from 
day-to-day. In order to avoid this contribution to peak position uncertainty and the 
interference to the charging effect, the work function calibration was performed 
before and after each set of our measurements. A sputtered pure Au foil was 
measured using the same pass energy and spot size as the measuring conditions of 
the SiOi/Si samples. The difference between the Au 4fj/2 peak from the reference 
value of 83.89eV and detected position was used to adjust the peak positions for the 
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XPS results of the SiCVSi samples. 
3.2.1.2 Sputtering ion beam calibration 
A faraday cup of diameter 800|im was used to measure to beam current at 
different sputtering energies and raster areas. The position of the ion beam was 
aligned to focus at the cup by tuning to a maximum current. The ion currents together 
with ion influences and sputtering rates are shown in Table 3.2. 
The argon ion gun in Quantum 2000 capable of delivering argon ions at lOOeV 
while still gives a current density of 16nA/mm^. The energy spread and the amount 
of neutrals were not measured for the Quantum 2000 system. However, the effect 
of lOOeV argon ion sputtering in the Quantum 2000 instrument was compared to a 
low energy ion beam system that linked to a Kratos AXIS-HS XPS instrument. The 
low energy ion beam system, which has a energy spread less then 5% and a 2° bend 
to remove neutrals, is described elsewhere [6: 
3.2.2 Sample preparation 
In the present study, a standard SiOi/Si wafer was used. The thickness 
measured by ellipsometer of the SiO� overlayer was 43A. For each XPS 
measurements, a piece was cut from the wafer. The sample was cleaned by ethanol 
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Energy of Ar+ Ion fluence (nA) Current density SiCh Sputtering 
beam (keV) (nA/mm^) rate 
(A/min) 
^ 16 (U  
0.5 100 ^ n  
— ~ L O 343 m 9 ! 
孤 119 
Table 3.2 Ion influences, current densities and sputtering rates of Ar+ beam at 
different energies. The beams were set to scan an area of 1mm x 1 mm 
except the one at 2keV, which scans an area of 2mm x 2mm. The 
measurements were performed in a faraday cup with a diameter of 
0.80mm. 
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and blow-dried by nitrogen for the removal of contamination from the sample 
surface. 
If the sample does not contact well with the sample holder, there will be a 
voltage drop developed at the contact junction. As a result, there will be a shift in 
the XPS peaks. In order to ensure a good back contact, we performed the following 
procedure to solder the back side of the sample on a metal. A piece of stainless 
steel was placed on a heater surface followed by putting a small slice of indium metal 
on it. When the indium metal melted, the SiOi/Si sample was placed on top of the 
melted indium. The stainless steel piece was then immediately put onto a metal 
surface for cooling. The stainless steel piece together with the sample was then put 
on the XPS samples holder for transferring into the vacuum system. 
3.2.3 XPS measurements 
In the present study, the surface was studied using alternative XPS scanning and 
argon ion sputtering. The XPS measurements were stopped after the complete 
removal of the SiOi layer. An example of the acquired spectra with different 
sputtering time is shown in Figure 3.1. 
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Figure 3.1 Depth profile of SiOz/Si wafer with O.lkeV argon ion sputtering. 
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3.3 Results and discussion 
3.3.1 Spectral analysis and peak fitting 
Some selected spectra of SiOi/Si during sputtering with 0.1, 0.5, 1.0 and 
2.0keV argon ion beam are shown in Figures 3.2 to 5. In terms of general peak 
shape, the valleys of the doublet in the elemental Si 2p peak become less obvious 
with increasing ion sputtering energy. When 0.1 keV argon ion beam used, the 
shape of doublet due to spin orbital splitting [7-10] is very clear. However, for the 
2.0keV argon ion beam, the valley of the doublet cannot be observed. In addition, 
sub-oxides components [11] between the peak of Si 2p in SiO� and elemental Si 2p 
were observed when ion beam with high energies were used. 
For the peak fitting shown in Figures 3.2 to 3.5, the software named 
XPSPEAK4.1 was used. Firstly, we used the peak position, peak shape and FWHM 
of the elemental Si 2p before sputtering to fit the elemetal Si 2p of other spectra. 
As for the Si 2p in SiCh peak, because of the surface charging observed in the 
beginning of analysis, the peak parameters before sputtering could not be used to fit 
other peaks. After one cycle sputtering, the resistivity of the SiO! layer dropped 
significantly due to the dielectric breakdown. If the SiOi layer is not significantly 
damaged after a brief sputtering and the charging effect is eliminated, the peak 
position, peak shape and FWHM of the Si 2p in SiOi are more representative to the 
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Figure 3.2 XPS Si 2p spectrum of SiC^/Si wafer during O.lkeV argon ion sputtering. 
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Figure 3.3 XPS Si 2p spectrum of SiOi/Si wafer during O.SkeV argon ion sputtering. 
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Figure 3.5 XPS Si 2p spectrum of SiCVSi wafer during 2.0keV argon ion sputtering. 
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true values. Since the first cycle sputtering only removed a very little amount of the 
surface material, we used the peak parameters after the first sputtering cycle of 
O.lkeV to fit the peak of Si 2p in SiOi for other spectra. Additional peaks were 
added between the Si 2p in SiO: and elemental Si 2p peaks in the fitting of other 
spectra. 
According to the XPS spectra, the elemental Si 2p peak consists of two 
components. Before any sputtering, a larger peak with lower binding energy and a 
smaller peak with higher binding energy were observed in the elemental Si 2p peak. 
The peak with lower binding energy contributed from the pure Si with undamaged 
crystal structure. As for the peak with higher binding energy, it was due to the 
additional bondings between Si or SiOi in the interface or the effect of band bending 
[12-15]. For fitting of other spectra, we used the combination of these two peaks. 
The parameters of the combined peak were obtained by adding two components to fit 
the elemental peak before sputtering. The peak widths, the relative peak position, 
and the area ratio were obtained. The combined peak, which represents the 
elemental Si component, was used for the fitting of other spectra. 
For lOOeV argon ion sputtering, only two components which represent the 
elemental Si 2p and Si in SiOi were used to fit the spectra. There were no 
sub-oxides produced during sputtering. This phenomenon shows there was no 
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observable changing in chemical states on the sputtering surface. 
For 0.5, 1.0 and 2.OkeV argon ion sputtering, however, two additional 
components were required in order to fit the spectra. The total areas of the 
additional components between the original peaks increase with the sputtering 
energy. 
3.3.2 Modeling and damaged layer thickness determination 
It is possible to use a three-layer structure to represent the sample surface, 
including the damaged layer at the top surface (with thickness d2), the undamaged 
Si02 layer (with thickness di) and the Si substrate. The peak areas and thicknesses 
can be correlated by the following two equations: 
f -A) 
1-e义没 
^d, 二 Csi02 ^SiO, y I ⑴ 
7~~— r A -A. " " ( 
丄 sub "-Si 几Si 0 e 
f 
T C Pi 1 ^ S^I02 
1 d^ _ ^Si02 八SiOi i - ^ , ? � 
( " 丨 ( ^ 
丄sub "-Si 八Si 义 
I ^ J 
In this model, we assumed that the IMPF of the damaged layer is equal to SiOi. 
Furthermore, we used signals from the peak of Si 2p in SiO! in the fitted spectra for 
Id i , and the elemental Si 2p for Isub. For the damaged layer ( I d i ) , we used the sum of 
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all the additional Si 2p components. The plots of Isio /Isub versus total thickness of 
overlayer and sub-oxides (di + di) for four different sputtering energies are shown in 
Figure 3.6. The figure also included the ideal curve, which was calculated by 
Equation 2 without any experimental data by assuming d � i s equal to 0. The points 
with the highest Isi02 /Isub ratios represent the measurements of the samples before 
sputtering, which have an initial thickness of 43 人. 
For the 2.0keV sputtering, the total depth was increased after one cycle 
sputtering. It was because the rate of sub-oxides formation was higher than the 
sputtering rate. Sub-oxides were accumulated continuously until the third cycle 
sputtering. The maximum total depth was 66.2 A in this cycle. Starting from the 
fourth cycle sputtering, the total depth decreased because most of overlayer was 
sputtered. The resulting sub-oxides were mainly contributed from the damaged Si. 
For the l.OkeV sputtering, the total depth was decreased after one cycle of 
sputtering. This is because the rate of sub-oxide formation with l.OkeV sputtering 
was slower than that in 2.0keV sputtering in the first sputtering cycle. After the 
second sputtering cycle, the total damaged depth increased, which again suggested 
that the damage formation rate was faster than the sputtering rate. After the second 
cycle, the damaged layer reduced as the total remaining overlayer reduced. The 
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Figure 3.6 The plot of Isioi/Isi versus total depth of overlayer and sub-oxides. 
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For the O.SkeV sputtering, the total overlayer thickness showed a slight 
deviation from the idea curve until the third cycle. The deviation suggested the 
formation a small amount of sub-oxides. The deviation became significant as the 
interfaced was approached. At those points, the damaged layer contains both the 
sub-oxides and the damaged crystalline Si. The final damaged layer thickness was 
21.8 A. 
The curve of O.lkeV argon ion sputtering is almost equal to the ideal curve. 
There were no sub-oxides observed during the whole sputtering. Moreover, no 
damaged Si detected after all the overlayer was sputtered. The original surface 
retained after O.lkeV ion sputtering. Therefore, using O.lkeV sputtering can 
decrease the sputtering-induce defects into undetectable level. 
3.3.3 TRIM simulation 
In order to further understand the relationship between the sputtering energy and 
the damaged layer formation. A simulation program called 'the transport of ions in 
matter' (TRIM) [16] was applied to estimate the depths of damaged layer. Figure 
3.7 illustrates the TRIM simulation of different energies during argon ion sputtering. 
The input values for TRIM calculations are shown in Table 3.3. The defaults 






































































Displacement Lattice binding Surface binding  
energy (eV) energy (eV) energy (eV) 
Si 15 2 4.7 
O 28 3 2 
Density of S iO� :2.27gcm"^ 
Si :2.34 gcm-3 
Table 3.3 Default settings of TRIM. 
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specific atoms involved in the sputtering target. The TRIM results were compared 
with the calculated results estimated by the three-layer equation. In Table 3.4, the 
comparison after first cycle sputtering is shown. In Table 3.5, the comparison after 
the complete removal of the SiOz is shown. The TRIM calculation in Table 3.5 is in 
fact representing the sputtering of pure Si. 
Both Table 3.5 and 3.6 suggest that the calculated damaged layers are much 
higher than the XPS measured damaged layer. This can be explained by the fact 
that not all the bondings in the damaged layers are changed during the Ar 
bombardment. A large portion of the chemical species in the damaged layer gave 
the XPS signals at the un-damaged components. Therefore, the results of damaged 
layer obtained from TRIM are larger than calculated results. The results support 
that the depth of damaged layer is proportional to the energy of ion beam. 
3.4. Conclusion 
The depth distributions of the SiOi/Si wafer was investigated in this study by 
using the argon ion beam with sufficient low energies (0.1-2,0keV) combined with 
perpendicular detection (9=0°). The components with different chemical states can 
be separated in the XPS spectra after peak-fitting. Moreover, the calculated and 
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3.4. After the first cycle sputtering.  
Sputtering energy TRIM Calculated results 
^ ^ 0 
0.5 57 0 
(damaged layer was produced in the 
second cycle sputtering) 
1.0 ^ ^  
2.0 — 129 13.8 
3.5. After the overlayer was totally sputtered. 
Sputtering energy TRIM Calculated results 
0.1 ^ 0 
0.5 63 ^  
1.0 90 39^ 
— 2,0 135 46.5 
Table 3.4 and 5 Comparison of the damaged layer (in A) determined by TRIM and 
calculated results. 
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TRIM results support that the thickness of damaged layer is proportional to the 
sputtering energy. To conclude, we found that O.lkeV argon ion sputtering with 
perpendicular detection is most accurate for the actual surface chemical states and 
compositions investigation. 
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Chapter 4 
Applications of the new XPS technique to different materials 
4.1 Introduction 
In Chapter 3, the new technique using low energy argon ion sputtering and 
perpendicular detection was applied for improving the XPS accuracy. The O.lKeV 
argon ion sputtering was found to be most accurate for measuring the SiC^/Si 
composition among energies of O.lKeV, O.SKeV, 1 .OKeV and 2.0KeV. In this study, 
this new technique was applied to others materials including ceramic, metal alloy, 
polymer and III-V semiconductor. In order to have independent confirmations, the 
XPS analysis results were compared with other measurement techniques including 
DSC, RBS, SEM-EDX and XRF. 
4.2 Analysis of ceramic 
A machineable ceramic was selected for the study. It is purchased from 
Goodfellow with a nominal composition of 48wt% of SiOi, 17wt% of AI2O3,18wt% 
o f MgO, 10wt% of K2O and 7wt% of B 2 O 3 . It is a white ceramic which can be 
machined with ordinary steel or carbide tools. It can be used continuously up to 
800 degree and is a good electrical and thermal insulator. This ceramic contains 
70 
boron and other heavier elements. The differences in atomic masses allow the 
demonstration of the preferential sputtering effect with different sputtering energies. 
4.2.1 Experimentation 
The ceramic rod of diameter 12.7mm was cut by a diamond saw into discs with 
thickness of 5mm. After exposing the samples in ambient for a few days, the 
samples were put into the XPS system for analysis. The samples were sputtered to 
remove all the surface carbon before performing the high resolution XPS scans. 
For the XPS analysis, the charge neutralizer was used and other measurement 
parameters are the same as those listed in Table 3.1. In addition, the 'Zalar rotation' 
function [1,2] was used in order to avoid sputtering induced roughness. Figure 4.1 
illustrates the schematic diagram of zalar rotation. The comparison results between 
the XPS analysis with and without zalar rotation of four ceramic samples are shown 
in Table 4.1. For each disc, the sample area was enough for two analyses, i.e. one 
with and one without zalar rotation. A rotation rate of 5 rotations per minutes was 
used and number of rotations for each of the sample sputtering is an integer number. 
The results in Table 4.1 show relative large differences for higher Ar sputtering 
energies and therefore, data with zalar rotation was used for the following result 
analyses. 
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4.2.2 XPS results and comparison with other analysis techniques 
The XPS results and comparison with other analysis techniques of ceramic are 
shown in Table 4.2. Because of the instrumental limitation, boron cannot be 
detected in SEM-EDX and XRF. For both techniques, the quantifications were 
performed by standardless-methods. The sensitive of RBS was not enough to detect 
boron on this ceramic material. Previous experimental data show that RBS is over 
100 times more sensitive for heavy elements than for light elements, due to the larger 
scattering cross sections of the heavier elements [4]. The experimental RBS 
spectrum and the simulated curve for compositional analysis using RUMP are shown 
in Figure 4.2. For RBS measurement, the sample surface was sputter-coated with 
gold to make sample surface conducting. The boron signal, if it presents, lays at the 
tail of the other elements near channel number 200. Since the atomic numbers of Si, 
A1 and Mg are very close, the uncertainties in the RBS results are large and therefore, 
RBS results could not be used as the reference numbers for this sample. 
Only XPS analysis with O.lkeV argon ion sputtering can detect boron, and the 
result is most close to the nominal values given by the ceramic supplier. For the 
others sputtering energies, the ion beam removed boron preferentially and boron was 
not observed. The sensitivity factors provided by the equipment manufacturer were 
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Figure 4.2 The experimental RBS spectrum and the simulated curve 
for machineable ceramic compositional analysis using 
RUMP 
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Although the analysis depths of SEM-EDX, RBS and XRF are different, we 
can assumed these techniques give the bulk composition for the uniform samples. 
However, due to the surface sensitivity of XPS, the surface contamination affects 
the analysis results. With the use of low energy ion sputtering, we can remove 
the surface contaminants and allow XPS to obtain the more accurate bulk 
composition. This analysis suggested with the use of the new technique, XPS is 
the most suitable for the analysis of this type of ceramic. 
4.3 Analysis of metal alloys 
Wafer bumping is used for flip-chip technology that employs solder bumps 
to form the interconnection between the chip and substrate. In this section, the 
compositional analysis of the two common solder bump materials, tin-lead 
(SnPb) and tin-silver (SnAg) were investigated. Solder materials with eutectic 
compositions are preferred because of the relatively low melting points. The 
measurement of the composition is important because a change in the 
composition can cause a change in the melting point of the solder material. If a 
precise control is not made on the composition of the solder material, the 
bonding strength of the solder will be affected and may failure during the uses of 
the electronic products. 
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4.3.1 Experimentation for the tin-lead solder bump analysis 
The sample was a Si wafer electroplated with tin-lead solder. The XPS 
analyses were performed using the same conditions as in Table 3.1 after 
sputtering to remove all the surface oxygen and carbon. Rutherford 
Backscattering Spectrometer (RBS) was used to determine the composition of 
the SnPb solder. The experimental RBS spectrum and the simulated curve for 
compositional analysis using RUMP are shown in Figure 4.3. Because of a 
relative large difference in the atomic masses of the two elements, RBS can be 
regarded as accurate for the analysis of this material. The RBS compositions 
measured are 91.5 atomic %Sn and 8.5 atomic % Pb. 
4.3.2 Calibration of XPS sensitivity 
According to Chapter 3, there was no observable damaged layer formed on 
the SiOi/Si after O.lkeV argon ion sputtering. Therefore, we used the RBS 
results to calibrate the XPS sensitivity factors for the sample after O.lKeV 
sputtering. The XPS results using the sensitivity factors provided by the 
manufacturer and using the calibrated sensitivity factors are shown in Table 4.3. 
From the results, it can be found that the lead concentration increases with 
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Figure 4.3 RBS spectrum of SnPb solder (with 91.5%Sn and 8.5%Pb, 
atomic %). 
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i e r g y o f A r + b e a m k e V ) 0.1 0.5 1.0 2.0 
"Atomic %, Sn:Pb (Before calibration) 92.4/7^ 92.3/7.7 92.0/8.0 91.2/8.8 
"Atomic o/o, Sn:Pb (After calibration) 91.5/8.5 91.4/8.6 91.1/8.9 90.9/9.f 
Table 4.3 XPS results of SnPb solder before and after calibration. 
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4.4 Development of the XPS analysis method for the tin-silver solder bump 
measurement 
Tin-silver is an important lead-free solder material for the electronic industry 
for replacing tin-lead. The electroplating process of tin-silver on wafers for 
flip-chip bonding was recently developed by Shipley. For this new process, it is 
necessary to monitor the compositions of the solder bumps produced by this new 
process in a manufacturing line. The compositions from wafer to wafer and from 
bump to bump on the same wafer were required. 
Although RBS and DSC (Differential Scanning Calorimeter) analyses can 
provide accurate values of the solder compositions, they still have some limitations. 
For RBS analysis, the analysis spot is in millimeters-scale due the difficulties in 
focusing the high energy He ions to a small spot. The bumps on a wafer cannot be 
directly measured. In addition, it is necessary to sputter coat the wafer with a layer 
of gold for electrical conduction, which is destructive and cannot be accepted. As 
for the DSC analysis, it is a destructive measurement. It is necessary to cut a small 
piece from the wafer for this analysis, which is again not acceptable. Hence, both 
RBS and DSC are not suitable However, after calibration of the sensitivity factors 
in the Quantum 2000 XPS system, the instrument becomes an ideal tool to monitor 
the solder compositions on the wafers. 
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4.4.1 Experimentation 
In order to verify the actual atomic concentration of the SnAg blank wafer, 
DSC was used. The differences in heat flow into a substance and a reference are 
measured as a function of sample temperature. The experimental conditions are 
shown in Table 4.4. 
To determine the composition from the DSC results, a phase diagram of the 
sample is reuqired. Figure 4.3 shows the binary phase diagram of SnAg. The 
DSC thermograph of the Sn-Ag solder is shown in Figure 4.4. Two peaks can be 
found on the thermograph. The peak at 220.776�C can be assigned to the eutectic 
composition with 3.5 wt% of Ag and 96.5 wt% of Sn. As for the peak with 
temperature 218.470 it was due to the intermetallic formed between the solder 
and the copper substrate. The atomic percentage of the solder was determined to 
be 3.8% Ag and 96.2% Sn. 
4.4.2 XPS results 
The same sample for DSC analysis was first measured by XPS after O.lkeV 
sputtering to remove the surface oxides and carbon contaminations. The sensitivity 
factors of Sn and Ag were then determined using the DSC data. The XPS results of 
the sample after different energies of argon sputtering using the new sensitivity 
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factors are shown in Figure 4.5. According to the results, the atomic percentage of 
silver increased when the energy of argon ion decreased. Since silver atoms have 
lighter atomic mass than tin atom, the silver atoms were preferential sputtered. As a 
result, after 2.OkeV argon ion sputtering, the atomic concentration of tin is the 
highest due to more tin atoms were retained on the sample surface. 
With the calibration of the sensitivity factors and use of the new XPS technique, 
we developed a method to accurately measure the Sn-Ag solder compositions. The 
method can measure non-conducting wafers and can measured bumps of diameter 
less than 100|jm. 
4.5 Analysis of polymer (Polyacrylic acid) 
Polymers play an important role in manufacturing industry, such as in plastic 
mouldings, sheets, fibres and films. In this section, we investigated the application 
of the new XPS analysis technique to polymer materials. Polyacrylic acid, PAA 
was chosen because it contains both C and O that can be interfered with surface 
contamination. 
4.5.1 XPS results 
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Figure 4.4 The binary phase diagram of SnAg (Eutectic point 
is 221V, with 96.5%Sn，3.5%Ag ,mass %). 
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Figure 4.5 Thermograph of blank wafer SnAg sample shows the peak 
positions. 
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Energy of Ar+ ~ ~ O J ^ ~ L O 
Beam (keV)  
Atomic % 9 6 . 5 / 3 . 5 9 6 . 7 / 3 . 3 96.9/3.1 97.0/3.0 
(Sn:Ag)  
Table 4.5 Calibrated XPS results for SnAg solder after argon ion sputtering. 
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Monomer of Poly(acrylic acid), PAA 
o 
OH 
Monomer of PAA :C3H402 
Atomic ratio C: O = 6: 4 
C ^ Ol s  
Before sputtering 60.9 39.1 
After O.lkeV sputtering 62.8 37.2 
After O.SkeV sputtering 76.0 24.0 
After l.OkeV sputtering 86.1 13.9 
After 2.0keV sputtering 91.7 8.3 
Table 4.6 Atomic percentages of poly(acrylic acid) before and after sputtering. 
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of PA A are show in Table 4.6. The atomic percentage of C: O before argon ion 
sputtering was 60.9: 39.1, which agrees with the original atomic ratio 3: 2. After 
sputtering, we can see the trend of reduction in oxygen concentration with increase in 
sputtering energy. 
To understand this phenomenon, the XPS spectra are shown in Figure 4.6 and 
the CIs peak shapes are shown. Actually, there are three peaks involved at the CIs 
spectrum, two of them are overlaid to each other which are assigned to the chained 
carbons atoms. For the branched carbon which is part of the carboxylic acid, the 
Cls peak is assigned to the peak with higher binding energy and separated from the 
chained carbons. 
The XPS spectra show the peak area of Cls in carboxylic acid becomes small 
when the energy of argon ion beam increased. That means the carboxylic acid 
function group can be damaged by the argon beam. This effect was more obviously 
when the energy of argon ion beam increased. 
The results suggested that O.lkeV argon ion sputtering associated with 
perpendicular detection gives the most accurate atomic percentage in this analysis. 
4.6 Analysis of Indium Phosphide 
Indium phosphide has considerable applications in the manufacture of electronic 
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Figure 4.6 XPS spectra of the poly(acrylic acid) after argon ion sputtering at 
different energies. (A) 0.1keV,(B) O.SkeV, (C) l.OkeV and (D) 
2.0keV. 
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and optoelectronic devices. InP has a large thermal conductivity, and small electron 
diffusion that makes it preferable for transferred electron devices. InP has been 
explore as solar cell material since its energy gap is close to the optimum value for 
efficient of conversion of solar radiation into electrical power by means of single 
junction photovoltaic cells [5,6:. 
• 2 
For the sample preparation, the InP wafer was cut into a size of 1.5x1.5 cm . 
The sample was first cleaned by methanol to remove organic contamination followed 
by immersed in a 0.1 M hydrofluric acid for 15 minutes to remove surface oxides. 
After etching, the sample was blow-dried by nitrogen. Finally, the InP wafer was 
placed on the XPS sample holder with a copper clamp to ensure good electrical 
contact. 
4.6.1 XPS results 
The change of peak shape in the spin orbital splitting of the P2p peak was used 
to monitor the range of damage for phosphorus in the InP sample. Figure 4.7 shows 
the P2p peak in InP sample before sputtering, the peak shape due to spin orbital 
splitting is very obviously. 
Theoretically, the atomic ratio of In: P in InP equals to 1:1. Figure 4.8 and 
Table 4.7 show the XPS spectra and atomic percentage of InP after argon ion 
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Etched InP before sputtering 
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Figure 4.7 XPS spectrum of the peak P2p in InP before sputtering. 
According to XPS handbook, A=0.84eV 
Experimental result, A=0.84eV 
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Figure 4.8 XPS spectra of the P2p peak after argon ion sputtering at different 
energies. 
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Atomic% P In  
Before sputtering 50.4 49.6 
O.lkeV 49.8 ^  
O.SkeV 45.3 ^  
LOkeV ^  
2.0keV ^ 36.2 
Table 4.7 Atomic percentages of InP before and after sputtering. 
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sputtering using different energies. The atomic percentage of In: P before 
sputtering is 49.6:50.4, which is almost equal to the theoretically ratio 1:1. After 
sputtering, the P content decreases due to preferential sputtering. The change is 
least obvious for lOOeV sputtering. 
For the peak shape description, the doublet in P2p becomes less obviously with 
the increase in argon energy. This is because the crystalline structure is destroyed 
by the ion beam, which caused the loss of well-defined bonding environment. 
Similar to the results from the previous studies, because of preferential 
sputtering, the results indicate that the atomic concentration of phosphorus decreased 
when the energy of argon ion beam increased. Since the atomic mass of indium 
atom is heavy than the phosphorus atom, more indium atoms retained on the sample 
surface than phosphorus atoms. Again, the result obtained from O.lkeV argon ion 
sputtering with perpendicular detection provides the more accurate result. 
4.7 Analysis of Gallium Arsenide 
In addition to the InP, another III-V semiconductor GaAs was chosen for the 
investigation. For this study, the oxides on the GaAs surface was not completely 
removed before the XPS analysis. The oxides were removed using sputtering. 
Doublet of the As 3d peaks in GaAs and the atomic concentrations were studied. 
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Figure 4.9 XPS spectrum of the peak As 3d in GaAs before sputtering. The peak of 
As in AS2O3 is observed on the sample surface before sputtering. 
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Figure 4.10 XPS spectra of the As 3d peak in GaAs sample after argon ion 
sputtering. 
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Atomic% Ga ^  
O.lkeV 50.6 
0.5keV ^ ^  
l.OkeV ^ ^  
2.0keV ^ 55.4 
Table 4.8 Atomic percentages of GaAs before and after sputtering. 
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The XPS spectra of GaAs before and after sputtering are shown in Figure 4.9 and 10. 
Also, the atomic percentage is shown in Table 4.8. The results are similar to those 
of InP. The results suggest that the new XPS method is an good technique to clean 
the sample surface while maintaining the surface compositions and chemical state 
information. 
4.8 Conclusion 
The new technique was applied to measure ceramic, metal alloys, polymer and 
semiconductors. The O.lkeV argon ion sputtering with perpendicular detection 
gave the most accurate results for all the materials studied. The technique can 
greatly enhance the applicability of XPS. 
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In order to determine the actual chemical states and compositions on the 
sputtered surface, the O.lkeV argon ion sputtering and perpendicular detection were 
used. This allows a reduction in the thickness of the surface damaged layer and 
receives relative more signals from the undamaged region. 
In this study, SiOi/Si was investigated to determine the thickness of the damaged 
layer. 
1. The results reflect the O.lkeV argon ion sputtering with perpendicular detection 
gives the most accurate chemical states and compositions. No damaged layer was 
observed after the sputtering. 
2. The experimental results were compared with the results from a simulation 
program (TRIM). 
To verify the new XPS analysis technique, other materials were measured, which 
include ceramic, metal alloy, polymer, and semiconductor. 
1. Ceramic 
During the ion sputtering on the ceramic surface, zalar rotation was applied to 
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prevent sputtering induced roughness. In addition to XPS analysis after sputtering 
with different energies, RBS, SEM-EDX and XRF measurements were also 
performed. Boron atoms could be detected only by the new XPS analysis technique. 
The quantification results from the new XPS analysis technique are closer to the 
nominal values given by the ceramic supplier. 
2. Metal alloy 
It was found that with a suitable calibration of the sensitivity factors, the new 
XPS analysis techniques can be used to accurately determine the solder compositions 
for the electronic industry. 
3. Polymer 
The new XPS analysis technique gives the most accurate results for the surface 
compositions and chemical information. It caused less damage to the sensitive 
functional groups of the polymer. 
4. Semiconductor 
The new XPS analysis technique reflects the actual chemical states and 
compositions on InP and GaAs surfaces. It can be used to remove surface 
contaminations while reserving the actual chemical state information and 
compositions. 
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